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Summary
The Mixed-Lineage Leukemia (MLL) gene, a mamma-
lian homolog of the Drosophila trithorax, is implicated
in regulating the maintenance of Hox gene expression
and hematopoiesis. The physiological functions of
MLL in the immune system remain largely unknown.
Although MLL+/2 CD4 T cells differentiate normally
into antigen-specific effector Th1/Th2 cells in vitro,
the ability of memory Th2 cells to produce Th2 cyto-
kines was selectively reduced. Furthermore, histone
modifications at the Th2 cytokine gene loci were not
properly maintained in MLL+/2 memory Th2 cells. The
reduced expression of MLL in memory Th2 cells re-
sulted in decreased GATA3 expression accompanied
with impaired GATA3 locus histone modifications.
The direct association of MLL with the GATA3 locus
and the Th2 cytokine gene loci was demonstrated.
Memory Th2 cell-dependent allergic airway inflamma-
tion was decreased in MLL+/2 Th2 cell-transferred
mice. Thus, a crucial role for MLL in the maintenance
of memory Th2 cell function is indicated.
Introduction
After stimulation with antigens, naive CD4 T cells differ-
entiate into two distinct helper T (Th) cell subsets, Th1
and Th2 cells (Mosmann et al., 1986; Reiner and Locks-
ley, 1995; Seder and Paul, 1994). The IL-12-induced ac-
tivation of STAT4 is required for Th1 cell differentiation,
whereas IL-4-induced STAT6 activation is crucial for Th2
cell differentiation (Constant and Bottomly, 1997; Mur-
phy et al., 2000; Nelms et al., 1999; O’Garra, 1998). In ad-
dition to cytokine-induced signals, the activation of
TCR-mediated signaling is indispensable for both Th1
and Th2 cell differentiation. In particular, Th2 cell differ-
entiation is largely dependent on the activation of p56lck,
calcineurin, and the Ras-ERK MAPK cascade (Yama-
shita et al., 1998, 1999, 2000). The critical transcription
factors for Th1/Th2 cell differentiation have been re-
vealed, i.e., GATA3 for Th2 cells and T-bet for Th1 cells
(Lee et al., 2000; Szabo et al., 2000; Zhang et al., 1997;
Zheng and Flavell, 1997). We recently reported that the
Ras-ERK MAPK cascade controls the GATA3 stability
*Correspondence: tnakayama@faculty.chiba-u.jpthrough the ubiquitin-proteasome-dependent pathway
(Yamashita et al., 2005).
Changes in the chromatin structure of the Th2 cyto-
kine (IL-4/IL-5/IL-13) gene loci occur during Th2 cell dif-
ferentiation (Ansel et al., 2003; Lohning et al., 2002). Co-
valent modifications of histones play critical roles in the
epigenetic regulation of transcription. Recently, we and
others demonstrated that histone hyperacetylation of
the Th2 cytokine gene loci occurs in developing Th2
cells in a Th2-specific and STAT6/GATA3-dependent
manner (Avni et al., 2002; Fields et al., 2002; Yamashita
et al., 2002). In addition, the long-range histone hyper-
acetylation region within the IL-13/IL-4 gene loci in de-
veloping Th2 and Tc2 cells was also revealed (Omori
et al., 2003; Yamashita et al., 2002).
Some of the effector Th2 cells are maintained as mem-
ory Th2 cells for a long time in vivo (Dutton et al., 1998;
Sprent and Surh, 2002). In contrast to CD8 memory T
cells, CD4 memory T cells may not require any specific
cytokine signals for their homeostatic maintenance
(Jameson, 2002; Schluns and Lefrancois, 2003). Recent
reports, however, suggest that IL-7 plays a role in the
regulation of the generation and survival of CD4 memory
T cells (Kondrack et al., 2003; Li et al., 2003; Seddon
et al., 2003). GATA3 is required for the maintenance of
Th2 cytokine production (Pai et al., 2004; Yamashita
et al., 2004b; Zhu et al., 2004) and chromatin remodeling
of the Th2 cytokine gene loci (Yamashita et al., 2004b).
Memory Th2 cells maintain the Th2 features, such as se-
lective Th2 cytokine production, high-level expression
of GATA3 mRNA, and histone modifications of the Th2
cytokine gene loci in an IL-4-independent manner
(Yamashita et al., 2004a). However, the molecules that
control the maintenance of these Th2 features in mem-
ory Th2 cells have not yet been clarified.
TheMixed-Lineage Leukemia (MLL) gene was isolated
as a common target of chromosomal translocations
observed in human acute leukemias (Gu et al., 1992;
Popovic and Zeleznik-Le, 2005; Thirman et al., 1993;
Tkachuk et al., 1992; Ziemin-van der Poel et al., 1991).
Sequence analyses and genetic studies have identified
MLL as a functional ortholog of the Drosophila trithorax
(trx) gene (Tkachuk et al., 1992; Yu et al., 1995). MLL
protein belongs to the Trithorax protein family and is
involved in the nuclear regulatory mechanism that es-
tablishes an epigenetic transcriptional memory system
(Francis and Kingston, 2001). MLL forms a multicompo-
nent complex and mediates its epigenetic transcriptional
effector functions via the SET domain-dependent his-
tone methyl transferase activity (Milne et al., 2002; Naka-
mura et al., 2002). MLL specifically methylates lysine 4
present in the N-terminal tail on histone H3, a modifica-
tion typically associated with the transcriptionally active
regions of chromatin. As a result, specific gene expres-
sion patterns are maintained throughout subsequent mi-
totic cell cycles, which in turn allow the cells to cope with
their cellular fate, or their specific differentiation path-
ways. The best-studied downstream target of MLL and
trx function is the homeobox (HOX) genes, which control
the segment specificity and cell fate in the developing
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612embryo (Krumlauf, 1994). Korsmeyer and colleagues re-
ported that targeted homozygous disruption of MLL in
mice is embryonic lethal, and similar to trx mutants in
flies, the Hox gene expression is initiated but not main-
tained in these mice (Yu et al., 1995). Lethality at day
E10.5 is associated with numerous defects in the seg-
mental identity. Another line of MLL-deficient mice,
where exon 12–14 of MLL is targeted, showed a delayed
lethality for a couple of days (Yagi et al., 1998). Yolk sac
and fetal liver hematopoiesis is disrupted in both MLL
mutant mice (Hess et al., 1997; Yagi et al., 1998). In addi-
tion, MLL is also required for definitive hematopoiesis
(Ernst et al., 2004). Interestingly, even animals carrying
only one normalMLL allele show a phenotype that differs
from wild-type mice (Yagi et al., 1998; Yu et al., 1995). The
significant phenotypes of the MLL+/2 mutant mice sug-
gest that two copies of the gene are essential during de-
velopment. However, no definitive analysis has yet been
reported regarding the function of MLL in the immune
system.
We herein investigate the role of MLL in the regulation
of Th1/Th2 cell differentiation and memory Th1/Th2 cell
function by using MLL+/2 mice. Our results indicate that
MLL plays a crucial role in the maintenance of Th2 func-
tion in memory Th2 cells involving the regulation of chro-
matin status of the Th2 cytokine gene loci and the
GATA3 gene locus.
Results
Phenotypic and Functional Characterization of
Splenic CD4 T Cells in MLL Heterozygous Mice
Homozygous knockouts of the MLL gene are embryonic
lethal, and animals carrying one normalMLL allele are vi-
able but show significant changes during development
(Yagi et al., 1998; Yu et al., 1995). As a result, we used
MLL+/2 mice (Yagi et al., 1998) to investigate the poten-
tial role of MLL in the Th1/Th2 cell differentiation and
function. InMLL+/2mice, there was a marginal reduction
of mature CD4 and CD8 T cells in the thymus with equiv-
alent numbers of CD4 and CD8 T cells in the spleen
when compared to wild-type controls (see Figure S1A
in the Supplemental Data available with this article on-
line). The cell-surface phenotype (Figure S1B), antigen-
induced proliferative responses, and primary IL-2 pro-
duction (data not shown) were within the normal range.
The reduction of MLL mRNA in MLL+/2 CD4 T cells
was confirmed (Figure S1C). The expression levels of
MLL mRNA were substantial in the freshly prepared
wild-type splenic naive CD4 T cells, and they decreased
after antigen stimulation in either a Th1 or Th2 cell differ-
entiation culture (Figure 1A). The levels of MLL mRNA
increased again in memory CD4 T cells, especially in
memory Th2 cells.
The Ability to Produce Th2 Cytokines Is Not
Maintained in MLL+/2 Memory Th2 Cells
First, we assessed the capability of naive MLL+/2 CD4 T
cells to differentiate into Th1 and Th2 effector cells.
Naive CD4 T cells (CD4+ CD44low) from MLL+/2 3 OVA-
specific TCR-ab Tg (DO11.10 Tg) mice were cultured
under Th1 or Th2 culture conditions in vitro. Naive CD4
T cells from MLL+/2 mice differentiated normally into
both IFNg-producing Th1 (96.1% versus 95.8%) andIL-4-producing Th2 (42.5 versus 43.0%) cells
(Figure 1B, left). Similarly, the production of both Th1
and Th2 cytokines was equivalent (Figure 1C, top). Al-
though the number of memory Th2 cells slightly de-
creased in the MLL+/2 CD4 T cells (Figure S2A), the
cell-surface expressions of IL-4Ra, gC, IL-2Rb, IL-7Ra,
CD69, CD25, CD44, and CD62L on memory Th2 cells
were normal (Figure S2B). Interestingly, however, the
number of IL-4-producing cells in MLL+/2 memory Th2
cells decreased dramatically (39.8% versus 4.7%),
whereas those of IFNg-producing cells in memory Th1
cells did not decrease but was rather slightly increased
(55.1% versus 65.3%) (Figure 1B, right). An assessment
of the levels of cytokine production after antigenic re-
stimulation of the memory Th1/Th2 cells revealed, as ex-
pected, a dramatic decrease in the production of IL-4,
IL-5, and IL-13 from memory Th2 cells, whereas the
IFNg production from memory Th1 cells was slightly in-
creased (Figure 1C, bottom). Taken together, these re-
sults indicate that inMLL+/2memory Th2 cells, the main-
tenance of the ability to produce Th2 cytokines in
memory Th2 cells is selectively impaired.
Methylation of Histone H3-K4 and Acetylation of
Histone H3-K9 at the Th2 Cytokine Gene Loci Are Not
Maintained in MLL+/2 Memory Th2 Cells
MLL is known to have intrinsic histone methyl transfer-
ase activity for histone H3-K4 (Milne et al., 2002; Naka-
mura et al., 2002), and the methylation of histone H3-
K4 is important for the maintenance of the acetylation
of histone H3-K9. We previously reported that the hyper-
acetylation of histone H3-K9 and methylation of histone
H3-K4 at the Th2 cytokine gene loci are preserved in
memory Th2 cells, particularly at the IL-4/IL-13 gene
loci in an IL-4-independent manner (Yamashita et al.,
2004a). Consequently, we examined these histone mod-
ifications at the Th2 cytokine gene loci inMLL+/2 effector
and memory Th2 cells. The induction of both histone
modifications at the Th2 cytokine gene loci (CGRE,
CNS1, and VA enhancer, IL-4p, IL-13p, IL-5p) occurred
normally in MLL+/2 effector Th2 cells (Figure 2A). In
MLL+/2 memory Th2 cells, however, the levels of both
histone modifications at the Th2 cytokine gene loci sig-
nificantly decreased, while those at RAD50 promoter
and IFNg promoter regions were equivalent (Figure 2B).
An assessment of the methylation of histone H3-K4 by
a quantitative PCR analysis showed a similar decrease
in MLL+/2 memory Th2 cells (Figure 2C). Looking at the
levels of histone modifications within the IL-13/IL-4
gene loci more precisely, we found that the levels were
decreased in MLL+/2 memory Th2 cells at almost all re-
gions tested (Figure 2D and Figure S3). These results in-
dicate that histone modifications such as hyperacetyla-
tion of histone H3-K9 and methylation of histone H3-K4
at the Th2 cytokine gene loci are not properly maintained
in MLL+/2 memory Th2 cells.
MLL+/2 Effector Th2 Cells Fail to Maintain the Ability
to Produce Th2 Cytokines and the Histone
Modifications In Vitro
Next, we assessed whether MLL+/2 Th2 cells properly
maintained the ability to produce Th2 cytokines and
the histone modifications at the Th2 cytokine gene loci
under resting culture conditions in vitro. IL-4-producing
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613Figure 1. The Ability to Produce Th2 Cytokines in MLL+/2 Effector and Memory Th2 Cells
(A) MLL mRNA expression in naive CD4 T, and effector and memory Th1/Th2 cells. The expression levels of MLL and HPRT mRNA were deter-
mined by quantitative RT-PCR. Relative intensity (mean of three samples) with standard deviation is shown.
(B) Decreased IL-4-producing cells inMLL+/2memory Th2 cells. Intracellular staining profiles of IFNg and IL-4, after stimulation with PMA (10 ng/
ml) plus Ionomycin (500 nM) for 4 hr, are shown with the percentages of cells in each area. Three independent experiments were done with similar
results.
(C) Decreased Th2 cytokine production in MLL+/2 memory Th2 cells. Effector and memory Th1/Th2 cells were stimulated in vitro with OVA plus
APC for the indicated hours, and the concentration of cytokines (IL-4, IL-5, IL-13, and IFNg) in the culture supernatant was determined by ELISA.
The mean values of triplicate cultures with standard deviations are shown. Five independent experiments were performed with similar results.effector Th2 cells were purified by an affinity matrix tech-
nique and flow cytometry (Figure 3A, top). The Th2 cells
were subjected to resting culture conditions as de-
scribed in the Experimental Procedures, and then the
ability to produce Th2 cytokines was assessed after re-
stimulation with immobilized anti-TCR mAb. In MLL+/2
Th2 cells as compared to MLL+/+ Th2 cells, the number
of IL-4-producing cells (78.9% versus 49.3%) and the
values of MFI for IL-4 staining (130 versus 52) were sig-
nificantly reduced (Figure 3A, bottom). The ability to pro-
duce Th2 cytokines (IL-4, IL-5, and IL-13) was decreased
significantly inMLL+/2 Th2 cells (Figure 3B). The levels of
histone H3-K4 methylation at the Th2 cytokine gene loci
(CGRE, CNS1, VA enhancer, CNS2, IL-4p, IL-13p, and IL-
5p) assessed by a quantitative PCR analysis were signif-
icantly decreased, whereas those at RAD50 promoter
and IFNg promoter were equivalent (Figure 3C). More-
over, we tested the protein expression levels of various
transcription factors that are important for Th2 cytokine
production and Th2 cell differentiation. The expression
of GATA3 protein was substantially decreased in
MLL+/2 Th2 cells, while the levels of c-Maf, JunB,
NFAT1, and NFAT2 proteins were equivalent (Figure 3D).
These results indicate that MLL+/2 effector Th2 cells failto maintain properly the ability to produce Th2 cytokines
and the histone modification under resting culture con-
ditions in vitro.
MLL+/2 Memory Th2 Cells Fail to Maintain GATA3
Expression
The expression levels of GATA3, NFAT1, NFAT2, JunB,
and c-Maf in the in vitro generated effector Th2 cells
and freshly prepared memory Th2 cells were assessed.
The levels of GATA3 mRNA appeared to be normal in
MLL+/2 effector Th2 cells, but those in MLL+/2 memory
Th2 cells were substantially decreased (Figure 4A).
However, no significant effect was observed in the ex-
pression of NFAT1, NFAT2, JunB, c-Maf, p300, or CBP
in either the MLL+/2 effector or memory Th2 cells.
mRNA levels of Meis, one of the authentic MLL target
genes, were decreased to about a half in MLL+/2 mem-
ory Th2 cells as compared to those in MLL+/+ memory
cells. The expression of other known MLL target genes,
including Hoxa7, Hoxc8, and Hoxa9, was not detected in
either effector or memory Th2 cells (data not shown).
The protein expression levels of GATA3 also selectively
decreased in the MLL+/2 memory Th2 cells but not
MLL+/2 effector Th2 cells (Figure S4). In addition, the
Immunity
614Figure 2. Acetylation of Histone H3-K9 and Methylation of H3-K4 at the Th2 Cytokine Gene Loci in MLL+/2 Effector and Memory Th2 Cells
Effector Th2 cells (A) and memory Th2 cells (B) were generated from MLL+/2 mice. A ChIP assay was performed with anti-acetylhistone H3-K9
and anti-dimethylhistone H3-K4 antibodies and indicated specific primer pairs. Three regulatory elements (CGRE, 1.6 Kb upstream of IL-13
exon1 [Yamashita et al., 2002]; CNS1, intergenic region between IL-13 and IL-4 [Loots et al., 2000]; and VA enhancer region, downstream of
IL-4 gene [Agarwal et al., 2000]) were included.
(A and B) PCR was performed with a 3-fold serial dilution of template genomic DNA. Three independent experiments in each panel were per-
formed with similar results. The relative band intensities (/input) are shown.
(C) The levels of histone H3-K4 methylation were determined by quantitative PCR. The relative intensity (/input) (mean of three samples) is shown
with standard deviations.
(D) A representative result of a ChIP analysis with a series of primer pairs covering the IL-4/IL-13 gene loci. Shown is the relative intensity (/input)
of each primer pair. The PCR product bands are shown in Figure S3. Three independent experiments in each panel were performed with similar
results.overexpression of GATA3 into MLL+/2memory Th2 cells
partially but significantly restored the generation of IL-4-
producing Th2 cells (Figure S5), suggesting that the de-
crease in Th2 cytokine production in MLL+/2 memory
Th2 cells is due at least in part to a decreased expres-
sion of GATA3 in MLL+/2 memory Th2 cells.
Thus, we next assessed the histone modifications of
the GATA3 gene locus and found the levels of histone
H3-K9 acetylation and H3-K4 methylation at the pro-
moter (GATA3p) and intron 1 (GATA3 int1) region to be
significantly decreased in the MLL+/2 memory Th2 cells
(Figure 4B). No decrease was detected in the MLL+/2 ef-
fector Th2 cells. To further investigate the chromatin sta-
tus of the GATA3 gene locus, a series of primer pairs cov-
ering the GATA3 locus was prepared and used in a ChIP
assay. Although the decrease in the levels of histone H3-
K9 acetylation was modest, the levels of histone H3-K4
methylation from the 5 Kb upstream of exon 1 through
the end of exon 5 were substantially decreased in the
MLL+/2 memory Th2 cells (Figure 4C and Figure S6).The methylation levels of H3-K4 of selected regions in
the GATA3 locus were also determined by ChIP assay
with quantitative PCR. We designated an upstream con-
served noncoding sequence (w2.5–3.0 Kb upstream of
the GATA3 exon1) as GATA3-CNS1 and included this
for the analysis. A significant reduction in histone H3-
K4 methylation at GATA3-CNS1, GATA3 promoter (GA-
TA3p), GATA3 exon2, and GATA3 intron2 was confirmed
in the MLL+/2 memory Th2 cells (Figure 4D). These re-
sults suggest that the chromatin status of the GATA3
gene locus is relatively closed in MLL+/2 memory Th2
cells in comparison to MLL+/+ memory Th2 cells.
The Expression of MLL Controls the Maintenance
of Histone Modifications of the GATA3 Locus
and the Th2 Cytokine Gene Loci in Established
Th2 Cell Lines
Next, in order to assess whether the expression level of
MLL controls the maintenance of histone modifications
at the GATA3 gene locus and the Th2 cytokine gene
Crucial Role of MLL in Memory Th2 Cell Maintenance
615Figure 3. MLL+/2 Effector Th2 Cells Fail to Maintain Th2 Cytokine Production and Histone H3-K4 Methylation In Vitro
(A) Decreased IL-4-production in MLL+/2 effector Th2 cells maintained under resting culture conditions in vitro. Three independent experiments
were done with similar results.
(B)MLL+/2 Th2 cells maintained under resting culture conditions were stimulated with immobilized anti-TCR mAb for 16 hr, and the production of
indicated cytokines was determined by ELISA. The mean values of triplicate cultures with standard deviations are shown. Three independent
experiments were performed with similar results.
(C) The levels of histone H3-K4 methylation at Th2 cytokine gene loci inMLL+/+ and MLL+/2 Th2 cells maintained under resting culture conditions
were determined by a ChIP assay with a quantitative PCR analysis as described in Figure 2C. The relative intensity (/input) (mean of three sam-
ples) is shown with standard deviations.
(D) The protein expression of GATA3, c-Maf, JunB, NFAT1, and NFAT2 in MLL+/2 Th2 cells maintained under resting culture conditions. Immu-
noblotting with specific mAbs was performed. Band intensities were measured with a densitometer, and arbitrary densitometric units are shown.loci, several stable MLL knockdown Th2 (D10G4.1) cell
lines were established by means of a siRNA vector for
MLL. As expected, the MLL knockdown cells (MLL
KD#1, #2, and #3) showed decreased MLL mRNA to
varying degrees, and a corresponding reduction of
GATA3 mRNA was observed in parallel for each line (Fig-
ure 5A). In contrast, the expression levels of c-Maf,
JunB, CBP, and p300 mRNA were unaffected (data not
shown). The expression of IL-4, IL-5, and IL-13 mRNA
upon PMA+Ionomycin stimulation was significantly de-
creased after the introduction of siRNA for MLL (Fig-
ure 5B). Similar results were obtained via a MLL siRNA
vector targeted to a different site (data not shown).
Next, we assessed further the histone modifications at
the GATA3 locus and the Th2 cytokine gene loci in MLL
knockdown cells. The levels of histone H3-K9 acetyla-
tion and H3-K4 methylation at the GATA3 gene locus de-
creased after the introduction of siRNA for MLL
(Figure 5C). Similarly, the levels of both histone modifi-
cations at the Th2 cytokine gene loci (CGRE, CNS1, VA
enhancer, IL-4 promoter, IL-13 promoter, and IL-5 pro-
moter) were decreased in MLL knockdown cell lines,
and representative results in MLL KD#1 are shown in
Figure 5D. Histone modifications at the RAD50 promoter
and IFNg promoter region were low but equivalent be-
tween control and MLL KD cells. These results indicate
that the maintenance of histone modifications at the
GATA3 locus and the Th2 cytokine gene loci is depen-
dent upon the expression of MLL in the established
Th2 cell lines.
The Binding of MLL to the GATA3 Gene Locus and
the IL-4/IL-13 Gene Loci in Memory Th2 Cells
To search for target DNA regions where MLL protein is
associated, we performed a ChIP-on-chip analysis inmemory Th2 cells by means of a synthetic tiling microar-
ray covering the GATA3 gene locus and the Th2 cytokine
gene loci as described in the Experimental Procedures.
The subtracted ratio values (MLL ChIP – control Ig
ChIP) for each DNA spot (50 bp) around the GATA3 locus
(top), the IL-4/IL-13 loci (middle), and IL-5 locus (bottom)
are shown (Figure 6A). There were nine possible MLL
binding regions around the GATA3 locus. These regions
overlapped with the GATA3 promoter, exon2, intron2, in-
tron3, and GATA3-CNS1 described in Figure 4. There
were five possible binding regions around the IL-4/IL-
13 loci and two in the IL-5 locus. These include the
CGRE, CNS1, CNS2, and aw2.5–3.0 Kb upstream region
of IL-4 promoter. In order to examine the MLL binding
more quantitatively, we performed a standard ChIP anal-
ysis with quantitative PCR and found that MLL binds to
several sites in the GATA3 locus (promoter, exon2, and
intron2) and to CGRE and CNS2 regions of the IL-4/IL-
13 gene loci in memory Th2 cells (Figure 6B). No signifi-
cant MLL accumulation was detected in either naive
CD4 T cells or memory Th1 cells, suggesting that the
binding for MLL is memory Th2 cell specific. Moreover,
we compared the levels of MLL binding to the five se-
lected regions indicated above between MLL+/+ and
MLL+/2memory Th2 cells, and as we expected, the levels
were substantially reduced in MLL+/2 memory Th2 cells
(Figure 6C). These results indicate that MLL protein asso-
ciates with some specific regions in the GATA3 locus and
the IL-4/IL-13/IL-5 gene loci in memory Th2 cells.
The Expression of MLL Controls Memory Th2
Cell-Dependent Immune Responses
and Inflammation In Vivo
The results thus far suggest that the expression levels of
MLL control the ability to produce Th2 cytokines in
Immunity
616Figure 4. GATA3 Expression and Histone Modifications at the GATA3 Gene Locus in MLL+/2 Memory Th2 Cells
(A) Decreased mRNA expression of GATA3 in MLL+/2memory Th2 cells. mRNA levels of GATA3, NFAT1, NFAT2, JunB, c-Maf, p300, CBP, Meis,
and HPRT were determined by quantitative RT-PCR. The relative intensity (/HPRT) (mean of three samples) is shown with standard deviations.
N.D., not detected.
(B) The acetylation of histone H3-K9 and methylation of histone H3-K4 at the GATA3 promoter and GATA3 intron1 region of the GATA3 gene locus
in MLL+/2 memory Th2 cells.
(C) A representative result of a ChIP analysis with a series of primer pairs covering the GATA3 locus. Shown is the relative intensity (/input) of each
primer pair. The PCR product bands are shown in Figure S6. Three independent experiments were performed with similar results.
(D) The levels of methylation of histone H3-K4 at several regions around the GATA3 gene locus in MLL+/2 memory Th2 cells was determined by
a ChIP assay with a quantitative PCR analysis as described in Figure 2C. The regions examined are GATA3-CNS1 (location: approximately primer
#2 site in [C]), GATA3 promoter (GATA3p, location: approximately primer #4 site in [C]), GATA3 exon2 (location: approximately primer #7 site in
[C]), and GATA3 intron2 (location: approximately primer #8 site in [C]). The relative intensity (/input) (mean of three samples) is shown with stan-
dard deviations. Three independent experiments were performed with similar results.memory Th2 cells. Therefore, we wished to examine the
role for MLL in antigen-induced Th2-dependent inflam-
matory responses in vivo. The serum immunoglobulin
concentrations (total and OVA-specific IgE, IgG1,
IgG2a, and IgM) in memory Th2 mice after inhalation
with OVA were measured. Substantial increases in the
total and OVA-specific IgE and IgG1 (Th2-dependent
isotypes) antibody production were observed after
OVA inhalation inMLL+/+ memory Th2 mice, but the level
of increase significantly decreased in MLL+/2 memory
Th2 mice (Figure 7A). In contrast, the levels of Th1-de-
pendent IgG2a were higher in the MLL+/2 memory Th2
mice. The serum concentration of IgM was equivalent
in both groups of mice.
Next, we looked at the levels of airway inflammation
after OVA inhalation by examining infiltrating cells in
harvested BAL fluid. The number of total infiltrating
cells and the absolute numbers of eosinophils per
mouse (Figure 7B, left) and the percentages of eosino-
phils (Figure 7B, right) decreased significantly in theMLL+/2 memory Th2 mice. Representative staining
profiles can be seen in Figure S7. In addition, the his-
tological changes in the lungs of MLL+/2 memory Th2
mice were evaluated by H&E staining (Figure 7C). The
extent of inflammatory leukocyte infiltration in the peri-
bronchiolar region was much less in the MLL+/2 mem-
ory Th2 mice (Figure 7C). The infiltration of eosinophils
in the lung as measured by Luna staining was, as ex-
pected, also significantly decreased in MLL+/2 memory
mice (data not shown). Mucus hyperproduction as-
sessed by PAS staining was observed in wild-type
memory Th2 mice, whereas the levels in MLL+/2 mem-
ory Th2 mice dramatically decreased (Figure 7D).
Taken together, these results indicate that the OVA-in-
duced allergic eosinophilic inflammation was thus
compromised in the MLL+/2 memory Th2 mice. The
methacholine-induced airway obstruction measured
in a whole-body plethysmograph was significantly
milder in the MLL+/2 memory Th2 mice (data not
shown).
Crucial Role of MLL in Memory Th2 Cell Maintenance
617Figure 5. mRNA Expression and Histone Modification of the GATA3 Gene Locus and the Th2 Cytokine Gene Loci in MLL-Knockdown Th2 Cell
Lines
(A) mRNA expression of MLL and GATA3 in MLL-knockdown (KD) Th2 cell lines (MLL KD #1, #2, and #3). mRNA levels of MLL, GATA3, and HPRT
were determined by quantitative RT-PCR. The relative intensity (/HPRT) (mean of three samples) is shown with standard deviations. Total,
D10G4.1 cells without selection.
(B) mRNA levels of IL-4, IL-5, IL-13, and HPRT in MLL KD #1 cells after PMA+Ionomycin stimulation (24 hr) were determined by quantitative RT-
PCR. Relative intensity (/HPRT) (mean of three samples) is shown with standard deviations.
(C) Histone modifications within the GATA3 gene locus in MLL KD #1 cells. ChIP assay was performed with anti-acetylhistone H3-K9 and anti-
dimethylhistone H3-K4 antibodies and the indicated specific primer pairs. Shown are the PCR product bands (top) and the relative intensity
(/input) for each primer pair (bottom). Two independent experiments were performed with similar results.
(D) Histone modifications at the Th2 cytokine gene loci. PCR was performed with 3-fold serial dilution of template genomic DNA. Two indepen-
dent experiments were performed with similar results.Finally, we assessed the eosinophilic infiltration in
MLL+/+ and MLL+/2 mice with DO11.10 Tg background.
MLL+/+ and MLL+/2 mice were administered OVA twice
intranasally on days 0 and 1, and 2 weeks later, mice
were treated with inhaled OVA. As we expected, the
level of eosinophilic infiltration was significantly milder
in the MLL+/2 mice (Figure 7E). These results indicate
that the development of OVA-induced airway hyperres-
ponsiveness was compromised in the MLL+/2 mice.
Discussion
In this report, we demonstrate that MLL plays a crucial
role in the regulation of the maintenance of Th2 identity
in memory Th2 cells that was acquired during differenti-
ation processes. MLL appears to regulate stable Th2
identity through the epigenetic control of the GATA3 lo-
cus and the Th2 cytokine gene loci in memory Th2 cells.
The antigen-induced allergic airway inflammatory re-
sponses in vivo were compromised in MLL+/2 memory
Th2 mice, suggesting a physiological role for MLL in
the regulation of allergic reactions.Although the expression of GATA3 and the ability to
produce Th2 cytokines are induced normally in MLL+/2
effector Th2 cells, these Th2 features are not maintained
properly in MLL+/2memory Th2 cells (Figure S4 and Fig-
ures 1B and 1C). Moreover, the hyperacetylation of his-
tone H3-K9 and methylation of histone H3-K4 at the Th2
cytokine gene loci (Figure 2) and the GATA3 gene locus
(Figures 4B–4D) that were normally induced in effector
MLL+/2 Th2 cells were not maintained properly in the
memory Th2 cell stage. Furthermore, IL-4-producing
MLL+/2 effector Th2 cells failed to maintain the ability
to produce Th2 cytokines and histone modifications un-
der resting culture conditions in vitro (Figure 3). These
findings are reminiscent of the notion that MLL protein
is a functional homolog of Drosophila melanogaster tri-
thorax, which is required for the maintenance but not
for the initiation of Hox gene expression (Hanson et al.,
1999; Yu et al., 1995, 1998). Such a cellular memory phe-
nomenon is thought to be mediated through epigenetic
mechanisms. MLL possesses an intrinsic histone methyl
transferase (HMT) activity, which is mediated by the SET
domain and specifically methylates histone H3-K4, an
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(A) A representative view of the results from MLL ChIP-on-chip analysis. The logarithmic ratio (log2 R) of hybridization intensities between MLL
ChIP DNA and a control DNA was used. The subtracted ratio values (MLL ChIP – Control Ig ChIP) of each DNA spot (50 nucleotides) in the GATA3
locus (top), the IL-4/IL-13 loci (middle), and IL-5 locus (bottom) are shown. The red bars represent the values over 2. The horizontal bars represent
possible MLL binding regions identified by a Signal Map Software. Reported transcripts (blue) are also shown.
(B) Standard ChIP assay with quantitative PCR for MLL. Naive CD4 T cells and memory Th1 and Th2 cells were used. The data for five selected
regions (GATA3 promoter, GATA3 exon2, GATA3 intron2, CGRE, and CNS2) are shown. The relative intensity (/input) (mean of three samples) is
shown with standard deviations.
(C) Decreased binding of MLL in MLL+/2memory Th2 cells. MLL+/+ and MLL+/2memory Th2 cells were used. The relative intensity (/input) (mean
of three samples) is shown with standard deviations.epigenetic marker typically associated with transcrip-
tionally active chromatin (Milne et al., 2002; Nakamura
et al., 2002). In fact, we detected a notable decrease in
the methylation of histone H3-K4 at the GATA3 gene lo-
cus and the Th2 cytokine gene loci in MLL+/2 memory
Th2 cells. Thus, it is likely that MLL regulates the mainte-
nance of the Th2 phenotype in memory Th2 cells, in part
through its HMT activity.
We and others previously reported that GATA3 ex-
pression is required for the production of Th2 cytokines
in memory Th2 cells (Pai et al., 2004; Yamashita et al.,
2004b; Zhu et al., 2004). The decreased expression of
GATA3 mRNA (Figure 4A) and GATA3 protein (Figure S4)
is observed in MLL+/2 memory Th2 cells. The extent of
histone modifications at the GATA3 locus was reduced
in MLL+/2 memory Th2 cells (Figures 4B–4D). Moreover,
the introduction of exogenous GATA3 intoMLL+/2mem-
ory Th2 cells partially restored the production of IL-4
(Figure S5). Thus, it is likely that the reduced capability
to produce Th2 cytokines in MLL+/2 memory Th2 cells
is due at least in part to a decreased expression of
GATA3 in MLL+/2 memory Th2 cells.
A ChIP-on-chip analysis with anti-MLL antibody re-
vealed nine possible MLL binding regions around the
GATA3 locus (Figure 6A). These regions overlappedwith the GATA3 promoter, exon2, intron2, intron3, and
GATA3-CNS1 (an upstream conserved noncoding se-
quence; w2.5–3.0 Kb upstream of the GATA3 exon1).
There were five possible binding regions around the
IL-4/IL-13 loci and two in the IL-5 locus. These included
the CGRE, CNS1, CNS2, and a w2.5–3.0 Kb upstream
region of the IL-4 promoter. By using a standard ChIP
analysis and quantitative PCR, we identified that MLL
is associated with several GATA3 gene sites (promoter,
exon2, and intron2), and the CGRE and CNS2 regions in
the IL-4/IL-13 gene loci (Figure 6B). Interestingly, the
MLL binding was highly specific for memory Th2 cells.
Recently, the direct binding of MLL to nonmethylated
CpG DNA sites has been reported (Ayton et al., 2004;
Birke et al., 2002). The CXXC motif of MLL, which has ho-
mology with DNA binding sites of DNA methyl transfer-
ase 1 (DNMT1), is responsible for its binding to nonme-
thylated DNA (Ayton et al., 2004). The GATA3 exon2,
CGRE, and CNS2 regions are highly G/C rich, and there-
fore a similar mechanism could be involved in the MLL
binding to these regions in memory Th2 cells.
The second likely explanation for the reduction of Th2
cytokine production inMLL+/2memory Th2 cells is a de-
fect in the direct epigenetic control of the Th2 cytokine
gene locus by MLL. We identified at least two MLL
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OVA-specific wild-type (MLL+/+) and MLL+/2 effector Th2 cells with DO11.10 Tg background were intravenously transferred into BALB/c nu/nu
mice. Five weeks after cell transfer, the mice were treated with inhaled OVA 4 times, on days 0, 2, 8, and 10.
(A) The serum concentrations of total (top) and OVA-specific (bottom) antibodies with the indicated isotype before (on day 0) and after (on day 11)
OVA inhalation were determined by ELISA. The mean values with standard deviations (five animals per group) are shown. *p < 0.01 by Student’s t
test. The control represents BALB/c nu/nu mice without Th2 cell transfer.
(B) Reduced infiltration of eosinophils in bronchioalveolar lavage fluid (BAL) fluid. Memory Th2 mice were generated and inhaled with OVA as
described above. BAL fluid was collected on day 12. The absolute cell number (left) and percentage (right) of eosinophils (Eos.), Neutrophils
(Neut.), lymphocytes (Lym.), and macrophages (Mac.) in the BAL fluid are shown with standard deviations. Five mice per group were used.
*p < 0.01; **p < 0.05 by Student’s t test.
(C and D) On day 11, the lungs were fixed and stained with hematoxylin and eosin (H&E) (C) or with PAS (D). A representative staining pattern in
each group is shown. Magnification,3400. The number of infiltrated leukocytes in the peribronchiolar region (mean cell numbers/mm2 with stan-
dard deviations) are also shown ([C], bottom). The control (Cont.) represents BALB/c nu/nu mice without Th2 cell transfer. *p < 0.01.
(E) Reduced infiltration of eosinophils in BAL fluid in MLL+/2 mice. MLL+/+ and MLL+/2 mice with DO11.10 Tg background (five mice per group)
were used. The results were obtained as described in [B]. *p < 0.01; **p < 0.05 by Student’s t test.binding sites within the IL-4/IL-13 gene loci in memory
Th2 cells (CGRE and CNS2) (Figure 6). Since GATA3 is
known to associate with these two regions in Th2 cells,
MLL and GATA3 may colocalize and control the mainte-
nance of histone modifications. In addition, we reported
that RNA polymerase II (Pol II) complex was observed to
accumulate selectively in the intergenic regions of the
IL-13/IL-4 gene loci in memory Th2 cells (Yamashita
et al., 2004a). Recently, the association of MLL with
RNA polymerase II complex through the binding with
Menin has been proposed (Milne et al., 2005; Yokoyama
et al., 2004). Therefore, although more comprehensive
biochemical studies are required, it is possible that
MLL directly binds to the Th2 cytokine gene loci, thereby
controlling the histone modifications and subsequent
Th2 cytokine production in memory Th2 cells.
Allergic eosinophilic inflammation and airway hyper-
responsiveness were compromised in MLL+/2 memory
Th2 mice (Figures 7A–7D). In this experimental asthmamodel, only the transferred effector Th2 cells have a de-
fect in MLL expression and, therefore, any alteration ob-
served would appear to be the consequence of defects
in the transferred Th2 cells. It is thus likely that MLL con-
trols asthmatic inflammation through the maintenance
of the GATA3 expression and the production of Th2 cy-
tokines in memory Th2 cells.
The Polycomb Group (PcG) family proteins antago-
nize the function of the Trithorax Group (trx-G) proteins
by acting in a repressive manner on the target genes
(Orlando et al., 1998). We previously reported that one
of the PcG family protein, Mel-18, is involved in the in-
duction of GATA3 expression and subsequent effector
Th2 cell differentiation (Kimura et al., 2001). Although
the precise molecular mechanisms underlying the Mel-
18-mediated regulation of GATA3 expression have not
yet been clarified, it is interesting to note that both
groups of family proteins positively control the GATA3
expression at different stages in Th2 cells.
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plays a crucial role in the control of the memory Th2 cell
responses by maintaining the expression of GATA3 and
the production of Th2 cytokines.
Experimental Procedures
Mice
Heterozygous MLL-deficient (MLL+/2) mice were kindly provided by
Dr. Toshihisa Komori (Nagasaki University, Japan) (Yagi et al., 1998).
The animals used in this study were backcrossed to BALB/c 12
times. Anti-OVA-specific TCR-ab (DO11.10) transgenic (Tg) mice
were provided by Dr. D. Loh (Washington University School of Med-
icine, St. Louis, MO) (Murphy et al., 1990). MLL+/2 3 DO11.10 Tg
mice were used at 6–8 weeks old. BALB/c and BALB/c nu/nu mice
were purchased from Clea Inc., Tokyo, Japan. All mice used in this
study were maintained under SPF conditions. Animal care was con-
ducted in accordance with the guidelines of Chiba University.
Reagents
KJ-1-PE was prepared in our laboratory. For cytoplasmic staining,
anti-IFNg-FITC (XMG1.2) and anti-IL-4-PE (11B11) mAbs were
used. Recombinant mouse IL-12 was purchased from BD-PharMin-
gen and recombinant mouse IL-4 was from TOYOBO, Osaka, Japan.
The OVA peptide (residues #323-339; ISQAVHAAHAEINEAGR) was
synthesized by BEX Corporation, Tokyo, Japan.
The Generation of Effector and Memory Th1/Th2 Cells
Effector and memory Th1/Th2 cells were generated as previously
described (Yamashita et al., 2004a). In brief, splenic CD4 T cells
from DO11.10 OVA-specific TCR Tg mice were stimulated with an
OVA peptide (Loh15, 1 mM) plus APC under the Th1- or Th2-culture
conditions for 6 days in vitro. We used these cells as effector Th1
or Th2 cells, respectively. The effector Th1/Th2 cells (3 3 107)
were transferred intravenously into BALB/c nu/nu recipient mice.
In most of the experiments, 5 weeks after cell transfer, KJ1+ cells
in the spleen were purified by auto-MACS (Miltenyi Biotec) and
then were used as memory Th1 and Th2 cells.
A Resting Culture System for Established Th2 Cells In Vitro
Naive CD4 T cells fromMLL+/23DO11.10 Tg mice were cultured un-
der Th2 conditions for 6 days. The cultured cells were restimulated
with anti-TCR mAb, and IL-4-producing cells (differentiated Th2
cells) in the culture were purified by the IL-4 secretion Assay kit
(130-090-515, Militenyi Biotec) and flow cytometry sorting as de-
scribed (Yamashita et al., 2004b). The purified IL-4-producing cells
were further cultured in vitro for 7 days in the presence of IL-2 and
anti-IL-4 mAb (11B.11), and then restimulated with OVA peptide
and APC in the presence of anti-IL-4 mAb for additional 5 days.
The second cycle of cultivation in the presence of anti-IL-4mAb
allowed Th2 cells to rest more completely as evidenced by the
phosphorylation levels of STAT6 (data not shown).
Quantitative RT-PCR
Quantitative RT-PCR was performed as described previously (Ki-
mura et al., 2005). The primers for TaqMan probes for the detection
of MLL (exon 11-12), GATA3, NFAT1, NFAT2, JunB, c-Maf, CBP,
p300, Meis, IL-4, IL-5, IL-13, IFNg, and HPRT were purchased from
Applied Biosystems. The expression was normalized by the HPRT
signal.
ELISA
Cytokine production and serum immunoglobulin concentrations
were assessed by ELISA as described previously (Yamashita
et al., 1999).
Immunoblotting
Immunoblotting was performed as described (Omori et al., 2003).
Chromatin Immunoprecipitation Assay
A ChIP assay was performed by ChIP assay kits (Upstate Biotech-
nology) as described (Yamashita et al., 2002). The specific primers
and TaqMan probes used are described in the Supplemental Data.Anti-acetylhistone H3-K9 (ab4441) and anti-dimethylhistone H3-K4
(ab7766) antibodies were purchased from Abcam Co. (Cambridge,
UK). Quantitative representations of the results are shown as relative
band intensities measured by a densitometer.
ChIP-on-Chip Analysis
We first performed a standard ChIP on memory Th2 cells with anti-
MLL antibody or normal rabbit IgG as a control. The generation of
amplicons from the individual ChIP DNA sample was performed ac-
cording to the manufactures’ protocol (NimbleGen). In brief, sample
DNA was blunted with T4 DNA polymerase (New England Biolabs)
and ligated to the linker oligonucleotides (oligo-1: 50-GCGGTG
ACCCGGGAGATCTGAATTC-30, oligo-2: 50-GAATTCAGATC-30) by
means of T4 DNA ligase (New England Biolabs). Linker-ligated sam-
ples were amplified by PCR with oligo-1 probe as a primer, and PCR
products were purified by Quiaquik PCR purification kit (QIAGEN).
Oligonucleotide array analysis was performed by NimbleGen Sys-
tems as a part of a Chromatin Immunoprecipitation Array Service
(NimbleGen). We used custom synthetic tiling microarrays contain-
ing the 2.5 Mb sequence around the Th2 cytokine gene loci and the
2.5 Mb sequence around the GATA3 gene locus. The probes (50 nu-
cleotides, both the forward and reverse strands) designed to gener-
ate every 100 bases were printed at two random locations on the
array. The logarithmic ratio (log2 R) of hybridization intensities
between MLL ChIP DNA and a control DNA was calculated. The sub-
tracted ratio values (MLL ChIP – Control Ig ChIP) of each DNA spot
(50 nucleotides) were used. A possible binding region was identified
by a Signal Map software.
Establishment of Stable MLL Knockdown Th2 Cell Lines
Stable MLL knockdown D10G4.1 cell lines were generated by
pcPURmU6i cassette vector. In brief, stem loop type cDNA for
MLL siRNA (sense: 50-GTTTGCGTCAGGTTATAAAGCAAACGTGTG
CTGTCCGTTTGCTTTGTAGCCTGATGCTTTTT-30) was cloned into
pcPURmU6i cassette vector, and the vector was transfected into
D10G4.1 cells. Next the cells were cultured with Puromycin (4 mg/
ml) for 4 weeks, and resistant cells were then picked up indepen-
dently. The pcPURmU6i cassette vector containing GFP siRNA
was used for the generation of stable control KD D10G4.1 cell lines.
Assessment of Memory Th2 Cell Functions In Vivo
OVA-specific wild-type and MLL+/2 effector Th2 cells were intrave-
nously transferred into BALB/c nu/nu mice. Five weeks after trans-
fer, the mice were treated with inhaled 1% of OVA 4 times, on
days 0, 2, 8, and 10. The serum immunoglobulin levels and lung his-
tology were then assessed on day 11 as described previously (Ka-
mata et al., 2003). BAL fluid was collected on day 12. In some exper-
iments, MLL+/2 mice with a DO11.10 Tg background were
administered OVA (100 mg/35 ml) twice intranasally, on days 0 and
1. On day 14, the mice were treated with inhaled 1% of OVA, and
BAL fluid was collected on day 16.
Supplemental Data
Supplemental Data include seven figures and Supplemental Exper-
imental Procedures and can be found with this article online at
http://www.immunity.com/cgi/content/full/24/5/611/DC1/.
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